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Abstract 

The contributions of B| and bradykinin receptors to acute and chronic inflammatory hyperalgesia were examined using the peptide Bi 
receptor antagonist dcs-Arg'lLcu*]bradykinin and transgenic Bk2r^ mice. In normal rats and niice, des-Arg'(Lcu']bradykinin (30 nmol/kg 
Lv. or S.C.) inhibited carrageenan-induced hyperalgesia and the late phase nociceptive response to formalin. The active d<ise range was 
narrow^ suggesting partial agonist activity of this peptide. In rats wiih monoarthritis, dcs-Arg'[Lcu*]bradykinin (up to 30 -nmol/kg i.v.) 
failed tiD reduce the number of vocalisations elicited by gentle flexion and extension of the inflamed limb; however, hyperalgesia was 
CMCcriJat d by administration of the B, receptor agonist dcs-[Arg']bradykinin (100 nmol/kg i,v.), consistent widi other evidence for local 
induction of Bi receptors during adjuvant-induced arthrids. The nocicepdve response to intraplantar injection of bradykinin (10 nmol) and 
hyperalg^a induced by carrageenan (0.6 rog) were absent in Bk2r^ mice, indicating that stimulation of B2 receptors is an essential step in 
the initiation of some nociceptive and inflammatoiy reactions. However, die nociceptive response to formalin (2.5% intraplantar), including 
inhibition of die late phase by des-Aig'[Leu']bradykinin (0.3 nmol), and induction of diermal hyperalgesia by Freund's adjuvant (0.1%) 
appeared intact in Bk2r^ mice. These fiiklings support odier evidence for an involvement of B| receptors in inflanunatoiy hy(|eralgesia and 
suggest thai B| receptor antagonists may be clinically useful as anti-inflammatory and analgesic dnigs. O 1997 Intematiomil Association 
for tire Smdy of Pain. PubUshed by Elsevier Science B.V. T 
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L Introduction 

Bradykinin is believed to be a pamaxy mediator of pain 
and inflammation, acting both as a potent and direct activa- 
tor of nociceptors, and as an inducer of prolonged inflam- 
matory hyperalgesia. Bradykinin is released in damaged 
tissues from blood-bome kininogen precursors by the action 
of kallikreins, and is rapidly inactivated by proteolytic 
enzymes yielding des*[Arg^]bradykinin as a major active 
metabolite. In addition to its algogenic and vasodilator 
properties (Cdffinan, 1966; WhaUey et al., 1987), bradyki- 
nin triggers an inflammatoiy positive feedback cycle, stimu- 
lating the release of prostaglandins and cytokines which in 
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turn amplify the responsiveness of the inflamed tissue to 
bradykinin (Regoli and Barabe, 1980; Burch et al., 1989). 
Elevated levels of circulating bradykinin have been demon- 
Sated in t>atients witti rheumatoid arthritis, confirming thfe 
^ involvement of bradyidnin in pathophysiological pro cesses 
^f inflammatory disease ( Hargreaves et al., bradvki- 
mnisjlsaJM^ ^ to be a mediator of the bone resiprpno n 
seenjri jp|uprticl5nan^^ co nditions s uch as peribdon - 
titis, ost eoroyeiiti s and rfaeuimtoid a^^ and 
Lemer, 1990).*Kliese'obseiSa^tipns provide a compelling 
rationale for the developihent of bradykinin antagoniists as 
powerful analgesic and anti-inflammatory drugs. 

The actions of bradykinin are mediated via two distinct 
receptors designated Brand Bj. Both receptors have been 
cloned:(Hess et al., 1992; Menke et al:, 1994). Bradykinin 
itself is thought to act mainly duough receptors that are 
constitutively expressed, in a wide range^of tissues, include 
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ing nocicepdW . neurones, sympathetic nerves, vascular 
smooth muscle and inunune qeUs (macrophages and neu- 
trophils). The Bi receptor sHpws 10-50 fold higher affinity 
for the metabolite des-[Arg^jbradykinin than for bradykinin 
and is expressed in low^abundance in normal tissues; the de 
novo synthesis of B| receptors is increased over time fol- 
lowing tissue damage and.exposure to inflanunatory agents 
(Regbli and Barabe, 1980; Regoli et al., 1981). The induci- 
ble nature of B| receptors at the site of injury makes this an 
attractive target for dnig development since antagonists of 
this receptor might be expected to cause minimal disruption 
of normal physiology in non-inflamed tissues and exhibit 
few unwanted side-effects. 

Preclinical studies support the proposal that Bi and Bj 
receptor antagonists may have clinical utility for the treat- 
ment of inflammation and pain. Of panicular interest is the 
ability of the peptide Bt receptor antagonistjto -Arg^[Leu^]- 
j)radykinin ^o reveree^ 

miechanlcat andthenns^^ caused by int ra-articu- 

far uqec tion of Fre und*s adjuvant, oTb y'ullraviole t (u.v.) 
jnadiation of the sidnln^lSTtfTSonmisi the peptide B2 
receptor antagonist^ HOE 140 was ineffective or only 
weakly active in these assays (Perkins and Kelly, 1993; 
Perkins et al., 1993; Davis and Perkins. 1994a). Moreover, 
local injection of the B} agonist des-[Arg^bradykinin exa- 
cerbate hyperalgesia caused by intra-articular injection of 
Freun^*s adjuvant without affecting weight bearing by nor- 
mal joints, indicating local induction of Bi receptors at the 
site of inflammation (Davis and Perkins, 1994a). Studies of 
intra-articular plasma extravasation in antigen-induced 
arthritis also reveal an evolving role for Bi receptors, in. 
the Qiaiiitenance of chronic inflanmudon (Cr^wys f t id., 
1994). In other studies examining the effects of u.v.-irradia- 
tion of the paws, thermal hyperalgesia in rats was further 
incrdased by intravenous injection of des-[Arg^bradykinin, 
and to a lesser extent by bradykinin; this effect of both 
agonists was reversed by des-Arg^[Leu*]bradykinin, but 
not by HOE 140, implicating Bi rather than B2 receptors 
in persistent hyperalgesia (Perkins and Kelly, 1993). These 
findings have led to the proposal that stimulation of the B2 
receptor initiates the acute nociceptive and inflammatoiy 
response to bradykinin, and that the inducible B| receptor 
may play an important role in the development and main- 
tenance of chronic inflammatory hyperalgesia (Dray and 
Peikins, 1993). 

Consistent with this proposal is the activity of peptide B2 
receptor antagonists such as HOE 140 and NPC 567 in acute 
antinociception assays involving inhibition of acetic acid- 
induced abdominal constriction- (Steranka et al., 1987; 
Heapy et al., 1993), carrageenan induced thermal hyperal- 
gesia (Costello and Hargreaves, 1989) and urate induced 
mechanical hyperalgesia (Steranka et al., 1987), However, 
other evidence suggests that Bi receptors may also contri- 
bute to acute nociceptive and inflammatoiy responses, since 
des-Arg'[Leu']bradykinin attenuated the late phase noci- 
ceptive response to formalin (Shibata et al., 1989; Correa 
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and Calixto, 1993) and blocked capsaicin-induced demmi 
inflammati^^ 19W);th(^assay$ 
were performed ^0 min after injection of the inflammatory 
agent Moreover, the ability of carboxypeptidases to conven 
peptide B: receptor antag nists into B| receptor blockers 
(Regoli et al., 1986) suggests that the contribution of B| 
receptors; to acute nociception and inflammation may have 
been underestimated. 

The recent production of transgenic mice widi targeted 
disruption of the gene encoding the B2 bradykinin receptor 
(Borkowski et al., 1995) provides a unique opportunity to 
circumvent the limitations of currentiy avail^le peptide 
bradykinin antagonists and further explore the relative con- 
tributions of the B I and B2 receptor to acute and chronic 
noxious and inflammatory responses. Unlike wild type and 
heterozygous animals, mice that are homozygous for dele- 
tion of the B2 receptor gene (Bk2r^) fail to exhibit detect- 
able binding of [^]bradykinin to membranes from the 
ileum or uterus, or flmctional responses to bradykinin in 
uterine and neuronal (superior cervical ganglia) tissues 
(Borkowski et al., 199S). The present studies characterise 
the nociceptive responses of Bk2r^ mice and examine 
whether des-Arg'[Leu^]bradykinin exhibits antinociceptive 
activity in mutant mice lacking the B2 receptor. Since many 
conventional nociception assays (particularly those examin- 
ing mechanical hypmlgesia) cannot be directly applied to 
mice; the antinociceptive effects of des-Arg^[Leu^]bradyki- 
niii were also examined in.rats.in order to furdier define the 
breadth of activity of tiiis agent 

2. Methods 

All experiments conformed to ethical guidelines for 
investigation of experimental pain in conscious animals 
(Zimmermann, 1983). The number of animals and intensity 
of noxious stimuli were the minimum necessary to demon- 
strate consistent effects of drug treatments or genetic nfahip- 
ulation. Animals were used once only and were humanely 
killed inunediately on completion of testing. 

2.1. Aruinociceptive activity of des-Arg^[Leu^]bradyJdnin in 
mice and rats * 

2.7.7. Nociceptive behaviour elicited by intraplantar 
injection of formalin in mice 

Male BKTO mice (20-30 g) were habituated to indivi- 
dual pcrspex observation boxes (25 x 20 x 20 cm) for at 
least 2 h prior to administration of formalin. Mice received 
indometiiacin (30 mgAcg i.p.)« des-Aig'[Leu^lbradykinin (3, 
10, 30 or 100 nmol/kg s.c.) or vehicle (saline s.c.) followed 
10 min later by an intraplantar injection of formalin (20 ^1 
of 2.5% solution in phosphate buffered saline) into one hind 
paw. Ammals were immediately returned to tiieir observa- 
tion boxes and the duration of licking directed at the injected 
paw was recorded during the 20-30*min period after injec- 
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tion of formalin since antinociceptive effects of both indo- 
mcthacin (Hunslcaar ei al., 1986) and des-Arg'(Lcuf]brady- 
kinin (Sbibata et al«, 1989; Correal and Calixto, 1993} have 
been most consistently dete<^ during th late phase 
inflammatory response to formalin. Twelve animals re* 
ceived each dose of test compound or vehicle. 

2 J. 2. Carrageenan-induced mechanical hyperalgesia in 
rats 

The ability of des-Arg'[Leu']bradykinin and indometha- 
cin to reverse carrageenan-induced hyperalgesia was deter- 
mined using the method described by Boyce et al. (1994). 
The paw pressure threshold of male Sprague-Dawley rats 
(90- 1 10 g) was assessed by eliciting a vocalisation response 
to compression of the hind paw in a modified Ugo Basile 
algesiometer. Baseline nociceptive thresholds were first 
determined in order to permit allocation of rats into 
balanced groups receiving each drug treatment or vehicle. 
Rats then received an ihtraplantar injection of cairageenan 
(4.S mg in 0.1 S ml)« or saline (O.IS ml), into one hind paw, 
followed 2 h later by indomethacin (10 mg/kg p.o.), des- 
Aig'ELeu'lbradykimn (I, 10, 30 or 100 nmol/kg i.v.) or 
vehicle (saline i.v.). The threshold paw pressure required 
to elicit the vocalisation response on compression of the 
inflamed paw was reassessed 1 b later. Mechanical hyper- 
algesia! was defined as the difference in vocalisation thresh- 
old b^ween ratSvwhich bad received intraplantar injection 
of cairageenan or sdine. Paw pressure scores in dnig*treated 
rats are expressed as a pereenuge inhibition of the hyper- 
algesia induced by cairageenan. Ten animals received each 
dose of test compound or vehicle. 

2 J. 3. AnUe flexion test in monqarthritic rats 

Arthritis restricted to one ankle joint wa^ induced by 
intra-articular injection of Freund*s adjuvant as described 
by Buder et al. (1992). Male Sprague Dawley rats (240-270 
g) received an intra-articular injection of complete Freund*s 
adjuvant (SO /d containing 0.1% of killed Mycobacterium 
butyricum) into one ankle joint under isoflurane anaesthesia. 
Hyperalgesia was assessed 7 or 8 days later by the total 
number of vocalisations emitted ^flowing gentie flexion 
and extension (five manipulations in each direction) and 
animals witii scores' greater than 5 were then allocated to 
treatment groiips so that their mean pretreatment vocalisa- 
tion scores were balanced. The ankle flexion/extension test 
was repeated 1 bi after administration of indomethacin (10 
mg/kg P.O.), des-Arg'[Uu*]bradykinin (1, 10 or 30 nmol/kg 
i.v.) or vehicle (saline i.v.). Between 10 and 20 rats received 
each dose of test compound or vehicle. 

In separate experiments, the ability of die peptide Bi 
receptor agonist des-[Arg^lbradykinin to exacerbate hyper- 
algesia in mpnoarthritic rats was examined. Rats with base- 
line vocalisation scores of less than 5 were employed for 
these studies. The flexion/extension test was performed 
before and 1 h after intravenous injection f des-[y^q^bia- 
dykinih (100 nm 1/kg) or saline. 



2.2. Sensorimotor Junction and nociception in Bk2rt mice 

22.L Generation ofBkl/' mice 

Transgenic Bklr'^ mice of bodi sexes were generated by 
transfection of embryonic stem cells firom J129 mice with a 
targeting vector designed to disrupt the B2 receptor gene, as 
described previously (Borkowski et al., 199S). For experi- 
ments examining sensorimotor function and the nociceptive 
response to inuaplantar injection of the peptide B| and B2 
receptor agonists des-[Arg'^kallidin and bradykinin, Bk2r^ 
mice were hybrids of the J129 and C57 strains. Control 
animals for these studies were heterozygous (Bk2r^) r 
wild-type (Bk2r*^) J129 x CS7 hybrids. In subsequent sni- 
dies, Bk2r'^ mice were bred from a pure J 129 line in order to 
provide a more homogeneous genetic background; wild- 
type J 129 mice served as controls for these animals. Control 
mice were matched as closely as possible for weight, age 
and sex. Experimental methodologies and appropriate doses 
of algogens and inflanunatoiy agents were determined in 
preliminary calibration experiments using normal CS7 
black mice. 

2.2.2, Spinal reflexes and tests of sensorimotor fidnction 
At the time of testing, transgenic animals were 24-27 

weeks of age. Bk2r^ nuce (n - 12) and wild-type or hetero- 
zygous in » 10) mice were evaluated in a series of neuro- 
logical te^ts examining the integrity of spinal reflexes and 
sensorimotor skills. Spinal reflex tests included placement 
of animals in a supine position and observing the righting 
reflex; allowing mice to grasp a wire grid with their fore- 
paws in order to assess die hindlimb step reflex; suspending 
mice by the tail and lowering them towards a bench surface 
to observe the forelimb placing reflex; and examining reflex 
hindlimb extension when lifting animals by the tail. Sensor- 
imotor co-ordination was assessed by recording the time 
(maximum cut-off 120 s) for which mice were able to 
remain on square and round balancing beams (lO-nun 
wide and 6-mm diameter, respectively) or on a rota-rod 
treadmill revolving at 18 r.p.m. (Ugo Basile). Hnally, smm* 
ming ability was assessed by placing the animals at one end 
of a tank (1 x 0.15 x 0.1 m) containing warm water (22?jC) 
and recording the time taken to escape onto a visible plat- 
form positioned at the opposite end. 

2.2.3. Nociceptive behaviours elicited by intraplantar 
injection of algogens 

Following habituation to individual perspex observation 
boxes (25 x 20 x 20 cm) for between 1 and 3 h, mice 
received an intraplantar injection (20 pi) of either the Bi 
receptor agonist dcs[Arg**^kallidin (300 nmol), die Bj 
receptor agonist bradykinin (10 nmol), formalin (2.5%) or 
vehicle (saline or phosphate buffered saline) into one hind 
paw. The number of flinches and the duration of leg raising 
and licking of the injected paw were recorded continuously 
immediately dioeafter for 15 min (bradyfdnin receptor ago- 
nists) or 35 min (eariy and late phase response to formalin). 
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Between six and nine condpii or transgenic mice received 
each algogen. | ; ^ 

In a separate experiment,|the effect of intraplantar coin- 
jecti n of des-Arg^[Lei^^]biadykinin (0.3 nmol) with forma- 
lin (2J%) on the early and late phase nociceptive response 
was examined in AiUr'^ mice: 

2,2 A. Induction of thermal hyperalgesia by intraplantar 
injeaion of carrdgeenan or complete Freund's adjuvant 

Thermal hyperalgesia in mice was measured using a 
modified paw flick test using the 'apparatus described by 
Rupniak et al. (1995). Mice were habituated on glass tables 
(1 X 2 m) under opaque perspex boxes (10 x 10 x IQ cm) 
for at least 3 h in order to reduce exploratory activity. A 
mobile radiant heat source, located 2.S cm beneath the glass 
surface, was pre-calibrated to give a baseline paw withdra- 
wal latency of approximately 12 s. Response latencies were 
determined for one hind foot on three occasions and the 
mean was recorded as the baseline for each aninud. Mice 
were then allocated to dnig treatments ensuring that base- 
line latencies were balanced across groups. For carrageenan 
experiments, the mice were then returned to their home 
cages overnight. On the following day, they received an 
intraplantar injection (20 /d) of either carrageenan (0.6 
mg) or saline into one hind paw, and were inomediately 
pladed on die glass tables to habituate as described above. 
Paw flick latency ^as reassessed for the inflamed paw 3 h 
later. At the end of this experiment, the animals were killed 
and bodi hmd feet were amputated at die ankle and placed m 
pre-weighed vials for measurement of paw oedema. 

For experiments examining the more prolonged inflam- 
mation induced by complete Freund*s adjuvtmt (0:1%), 
mice received an intraplantar injection (30 fil) of the adju- 
vfimt or saline into one hind paw immediately after determi- 
nation of die l)aseline paw Aide latency. Animids w^ dien 
returned to their home cages and the latency to withdraw the 
inflamed paw from the thermal stimulus was reassessed 4 
days later as described above. Data are presented ai$ the 
mean difference in paw flick latency for each animal befdre 
and after the induction of inflammation. 

"? 

2.3. Preparation of test compounds 

Indomethadn (Merck Research Laboratories, Rahway, 
USA) was dissolved in. 1% sodium bicarbonate or sus- 
pended in 0.3% methocel prior to oral or intraperitoneal 
adntinistration, respectively. Peptide bradyklnin receptor 
agonists and antagonists (bradykinin, des-tArg'jbradykinin, 
deslArg'^kalUdin and des-Arg^[Leii^]bradykinin; Bachem) 
were dissolved m distilled water and frozen at -20X in 
aliquots at the required concentration until use. 

2.4. Statistical analysis 

Where necessary, data were subjected to square root or 
logarithmic transformation in order to achieve nonnali^ 



and homogeneity of variance, prior to one-way analysis of 
variance. If appropriate, data from dnig-treated animals 
were compared widi control animals using Dunnett's or 
Newmaii-Keuls multiple comparison /-tests. 



3. Results 

3.L Antinociceptive activity of deS'Arg^[Leu^Jbradykinin in 
mice and rats 

3.1, L Inhibition of late phase nociceptive response to 
formalin in normal mice 

Intraplantar injeiptipn of formalin (2.5%) in BKTO mice 
elicited a biphasic^ nociceptive response comprising flinch- 
ing, leg raising and licking of the. injected paw. During the 
late phase response, 2Q-30 min after injection of formalin, 
the duration of paw licking was attenuated to a similar 
extent (approximately 50%) in animals pretreated with 
indomethacin (30 ing/kg i.p.) or 30 nmol/kg s c. of des- 
Arg^[Leu^]bradykinin compared with saline-treated control 
mice (f 5^ = 5.47, P < O.OOl). The active dose wiiidow for 
des-Arg'[Leu^]bradykinin was extremely naiiow since 
neitiier lower (3 or 10 nmol/kg) nor higher (100 nmolAcg) 
doses significantiy inhibited formalin-induced licking 
(Fig.l). 



200 




Veh Ind 3 10 30 100 

de8-Arg[Leu]BK nmol/kg 8.c. 

Ftg. I. Effect of indomethacin (30 mg/kgi.p.) or des-Ai7^[Ijeu']br^ 
(3-100 nmol/kg S.C.) on the late phase paw licking fesponse induced by 
fonnalin in noraul BKTO mice. Animals received an.iniraplamar liyectioa 
f fonnalin (20.|d of ZS% solution) 10 min after the test coinpounds. Hie 
duratioo of licking was ncoided throughout the period 10-20 adn dm* 
after. Data were subjected to one way ANOVA f Uowed by Dunneit*i h 
test (n - 12 per group). *P S O.OS compared with vehicle treatment 
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3.L2. inhibition of carrageenan^induced hyperalgesia in 
rats 

Intraplantar injection of carrageenan (4.5 mg 3 h pre- 
viously) induced marked paw oedema and hyperalgesia to 
compression of the inflamed paw. Like indomeihacin (10 
mg/kg p,oO. treatment with des-Arg^[Leu*]bradykinih (1- 
30 nmol/kg i.v.) caused a dose*dependent and complete 
reversal of canrageenan-induced hyperalgesia (^6^ =i9.04, 
P < 0.001). However, administration of a higher dose of 
des-Arg'[Leu']bradykinin (100 nmol/kg) caused only a 40% 
inhibition of hyperalgesia which failed to reach signiiRcance 
(Fig. 2). I 

3.1.3, Ankle flexion test in monoarthritic rats j 

Inu^-articular injection of Freund*s adjuvant 7-8; days 
previously caused erythema and swelling of the ankle 
joint . Gentle flexion and extension of the inflamed (but 
not the non-inflamed contralateral) ankle elicited vocalisa- 
tions which were recorded as a measure of hyperalgesia. In 
rats with pronounced hyperalgesia (vocalisation response 
elicited on more than five out of 10 combined flexions and 
extensions), administration of indomethacin (10 mg/kg p.o., 
1 h previously) partially attenuated hyperalgesia by; 30% 
compared with vehicle^treated animals (number ojr vo- 
calisations: saline s 9 J ± 0.4, compared with 6.3^0.7; 
^^75 " 7-14, P < 0.06l). The number of vocalisation^ was 
not significantly attenuated by similar pretreatment intrave- 
nously with de$-Aig^[Leu']bradykinin (number of voc^isa- 
tions: 1 nmol/kg - 9.1 ± 0.4; 10 nmol/kg » 8.5 ± 0.5; 30 
nmol/kg ».9.9± 0.1). 
In iks with less^mariced hyperalgesia (vocalisation sicores 
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de8*Arg[Leu]BK nmol/kg I.v. 

Fig. 2. Effea of indomethacin (10 mg/kg plo.) or des-Aig*[Uu*lbradyld- 
oin (1-100 nmol/kg i.v.) on caiTBgeenan«induced mechanical hyperalgesia 
In latt. Test compounds were administered 2 h after intraplantar injection 
ofcanageenan (4.^ mg) .and the change in paw pressure thresholds was 
dctennined 1 h later. Data were subjected to one way ANOVA followed by 
DunneQ*8 r-test (n « 10 per group). *P ^ 0.05 compared with vehicle 



<SX intraven us injecti n of die Bi receptor agonist des- 
[Arg^bradykinin (100 nm Vkg, I h previously) doubled the 
number of vocalisations elicited by flexion and extension of 
the inflamed paw (number of vocalisations: saline » 
3.6 ± 0.5, compared with 7.0 ± 0.7 for des-[Arg']bradyki- 
nin treated rats; Fug = 13.62, P < 0.002). In contrast, 
vocalisations were not induced by passive flexion and exten- 
sion of the non*inflamed, contralateral joint in the same 
animals (number of vocalisations: saline = 0 ± 0, compared 
with 0.2 ± 0.1 for des-[Arg']bradykinin treated rats; F| p = 
2.55, P = 0.1). 

3,2. Sensorimotor Junction and nociception in Bk2r'^' mice 

3.2, L Spinal reflexes and tests of sensorimotor co- 
ordination 

BklT^ mice (J 129 x C57 hybrids) were indistinguishable 
in their appearance; spontaneous behaviour and body 
weights fipom age and sex-mau:hed wild-type or heterozy- 
gous SiUr^ control animals. All £ilc2r^* and control mice 
exhibited normal placing and righting reflexes and hindlimb 
reflex extension, and had no difficulty in maintaining their 
balance on beams for the full 120-s trial duration. Siinilarly, 
Bk2r'^ mice were able to maintain their balance on a revol- 
vmg rota-rod treadmill for the same duration as control mice 
(time on rota-rod (s): controls = 47.7 ±11.8, compared 
with 33.4 ±10.5 for Bk2r^ mice; F,,,8 = 0.82, P = 0.38), 
and had normal swimming speeds for escape onto, a plat* 
fonn in the water tank (escape latency (s): control- 
s = 8.9 ± 2.1, compared with 9.6 ± 2.1 for Bk2r^ mice; 
Fu8 = 0.06, F = 0.81). 

3.2.2. Nociceptive response to intraplantar injection of 
algogens and inflammatory agents in Bkir'*' mice 

3.2.2 J. Bradykinin receptor agonists. In wild-type and 
heterozygous B*2r*^ control J129 x C57 nuce, intraplan- 
tar injection of the B2 receptor agonist bradykinin (10 
nmol) elicited a vigorous, shoitrlasting (<10 min total 
duration) aversive behavioural response consistent with 
the perception of an algogenic stimulus. The most 
prominent features were repetitive flinching and leg 
raising so that the affected limb was no longer weight- 
bearing. In contrast, injection of the same dose of brady- 
kinin in Bk2r'^ mice failed to elicit flinching, leg raising or 
any otiier observable behavioural response. The difference 
in the response to bradykinin in control and Bk2r'^ mice 
was hi^y significant (flinching: Fx \^ == 12.61, P = 0.004; 
leg raising: Fx^^ = 12.60, P « 0.004; Fig. 3). 

Similarly, intraplantar injection of a high dose of tiie B| 
receptor preferring agonist des[Arg^^kallidin (300 nmol) 
elicited flinching in control animals,, but not in Bk2r^ 
tnice (Fi.io = 1195, P = 0.006). Leg raising was also 
induced by des[Arg^^kallidin in noraqal mice, but tiiis 
response was less marked than that observed after injec- 
tion ofi bradykinin. In Bk2r^ mice, leg raising elicited 
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Fig. 3. Avmive bebavioun elicited by intraplantar injection of bradykinin (10 mnol) or des(Arg'^kalUdin (300 nmol) in wild type and Bk2r^ mce, 
Bdiavipurs were fecorded by direct obsenouion for IS min. Data were subjected to one-way ANOVA followed by Ounnea*$ l-test (n » 6-9 per group). 
*P S 0.05 compaitd to wild type control anioaU. 



by des[Arg'^lcalli(lin appeared to be of shorter duration, but 
the difference between control and transgenic animals 
failed to reach statistical significance XFiio = 3A2, 
P = 0.09; Fig. 3). 

3.2.2,2. Early and late phase response to formalin. In J129 
control mice, intraplantar injection of formalin (2.5%) 
eli^ted a biphasic nociceptive response of flinching, leg 
raising and paw licking. The early phase peaked during 
die first 10 min after injection of formalin, and the late 
phase lasted until 35 min after formalin. The response to 
fonnalin was considerably less vigorous in this strain than 
in the albino BKTO mice described above, and it was 
diereforc necessaiy to sum the duration of leg raismg and 
licking in order to permit reliable quantitative 
assessment The early and late phase response to formalin 
was indistinguishable in J 129 wild-type and Bk2r^ mice of 
die same strain (early phase: Ft,i3 - 0.44, P = 0.51; late 
phase: f m = 0.18, P = 0.68; Fig. 4). 

In experiments examining the ability of the B| receptor 
antagonist des^Aig^[Leu^]bradykinin to inhibit nociception 
in Bk2r'^ mice, it was found that handling animals from the 
J129 strain for systemic drug administration prior to chal- 
lenge with formalin caused a profound disruption of the 
behavioural response to the algogen. For this reason it 
was necessary to admiiuster des-Arg'(Leu^]bradykinin by 
intn^lantar coinjection (0.3 nmol) with the fonnalin. The 
Bi receptor anugonist markedly attenuated the late, but not 
the early, phase response to formalin in Bk2r^ mice (eariy 
phase: Fi.w = 2.01. P = 0.17; late phase: Fi |6 = 4.89, P = 
0.04; Rg. 5). 

J.2.2.5. Thermal hyperalgesia induced by carrageenan or 
Freund's adjuvant. The paw withdrawal latency following 
. ei^osure to anoxious diermal stimulus was not difierent in 
onatrol and Bklr^ mice diat had not received injections of 
iaflammatoiy agents (paw flick latency (s): control 14.3 ± 



0-8, compared widi 14.7 ± 0.8 in Bklrf' mice. = 0.07, 
P = 0.80). 

There were marked differences in the induction of acute 
thermal hyperalgesia and paw oedema by caxrageenan in 
control and Bklr'^ mice. Intraplantar injection of carragee- 
nan (0.6 ii:^g}. but not an equivalent volume of saline (20 ^1), 
3| h previously reduced die paw wididrawal latency com- 
pjared with pre-injection baseline values in control J129 
mice, but not in J129 Bik2r^ mice (f3j8 = 4.69, P = 
0.009; Table 1). Paw oedema was also considerably less 
pironounced in Bklr'^ mice than in control animals injected 
witii carrageenan (Fjos « 57.64, P < 0.001; Table 1). 

In contrast to die results observed using carrageenan, the 
uiduction of chronic diermal hyperalgesia by intraplantar 
injection of complete Freund*s adjuvant (0.1%) 3 days pre- 
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(0-10 min) 



Late Phase 
(10^ min) 
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WT Bk2r-A 



WT Bk2r^- 



Ftg. 4. Early and late phase nocioeptive response to intraplantar Injection 
of fonnalin (2J% In 20 Ml) in wild ^ and AUr^ mice. Bctavioun were 
recoided by direct obseivadoQ for 35 odn. Datt were sulyect^ 
ANOVA followed by Dannett*s i-iest 0> • 6-9 per group). 
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(0-10 min) (10-35 min) 



5001 
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Hg. S. Inhibition of late phase response to tntraplantar injection of for- 
malin (2^%) by <k$-Aig'[Leu']bradylunin (OJ nrool) in Bk2r^ mice. Data 
were s ub j ected toone '%ay ANOVA followed by Dunnea*s f-test in = 6-9 
per group). *P ^ 0.05;CQQ]pared with vehicle treatment 

viously was indistinguishable in wild type control and 
Bklr^ mice (Table 2). Paw oedema was not quantified in 
this experiment but was evident in both groups of mice on 
visual inspection. 

4. Discussion 

. The present studies were aimed at clarifying the relative . 
contribudons of bradykinin Bi and Bi receptors in acute and 
chronic inflanuiiatoiy hyperalgesia. The experiments exam- 
ined nociceptive responses in animals treated with the pep- 

Tablet 

Induction of thermal hyperalgesia and paw oedema by iniraplantar iqjec-- 
tioo of carrageenan (0.6 mg) or saline (20 itl) 3 h previously in normal and 
Afc2r^ 1129 mice 



0nM9 and treatment 


Faw flick latency 
(diffeitnoe from pee- 
iiyection baseliar, s) 


Paw oedema (dif* 
fcrcnce from non* 
injected paw; mg) 


Comrol -¥ saline . 


-1.1 ±U 


166 ± 1.5 


Control 4- carmgeenan ' 


-5.7±6.7* 


$L6±3.7» 


«2r* + saline 


-1.6 40.7 


6.2 ± 2.4 


aUf^ ^ canagecnan 


-2J±0.6** 


26.2 ± 3.7*,»« 



*P S 0.0S compared to saline treatment; 0.05 conqrared to wild 
type oontiol animals. 

.Vahies are die mean ± 1 SEM for 7-8 animals. Dau were sutjected to 
one-way ANOVA. fc^ wed by Dunnett't ouldple comparison r-testa. 



TaWe 2 

Induction of thennal hyperalgesia by intraptantar injection of complete 
Freund's adjuvant (CPA; 0.1 9b) or saline (30 m1) .3 days previously in 
noimal and 5l2r^ J129 mice 



Qroi^ and treatment 


Paw flick latency 




(difference from pre- 




injection baseline; s) 


Control saline 


4^ ± 1.2 


Control + CPA 


-7.9 ± 


fl*2f^+ sialine 


1.8 ±2J 


Bk2r* + CPA 


-7.4 ± 1.6* 



*P S 0.05. compared to saline -treatnienL 

Vahies are the mean ± 1 SEM for 5^6 animals. Data were subjected to 
one-way ANOVA, followed by Dimnea*s multiple comparison (^^ests. 



tide Bi receptor antagonist des-Arg'[Leu']bradykinin and in 
transgenic mice in which the Bj receptor bad been disruptecL 
The B| receptor antagonist des-Arg^tLeu'lbradykinin ex- 
hibited antinociceptive activity in coiiscious animal assays 
of acute inflammatory hyperalgesia that are sensitive to 
NSAIDs. Like indomethacin, systemic administration of 
des-Arg'OLeu'jbnulykinin fully reversed carrageenan-in- 
duced inechanical hyperalgesia in rats and attenuated aver- 
sive behaviours elicited by intraplantar injection of formalin 
in normal mice. The antinociceptive effects of des-Arg'^Le- 
u^lhradykinin were not cleariy dose-related, reaching sig- 
nificance at only one dose (30 nmol/kg). This nairow active 
dose window for des-Arg^[Leu^]brsuiykinin resembles that 
observed previously in the formalin assay (Correa and 
Calixto, 1993X and may be attributable to the partial agonist 
activity reported recently for this B| receptor antagonist 
(Allo^o et al., 1995). Partial agonisnu combined with 
metabolic lability, are major limitations of.des-Arg^[Leu^]- 
bradykihin, and also of the currently available peptide Bi 
receptbr anugonists (Steranka et al., 1987; Steranka et al., 
1989; Kindgen-Milles and Klement, 1992; Rhaleb et al., 
1991). Stable non-peptide brsuiykinin Bi receptor antago* 
nists are therefore rec^uired in order to fully define their 
clinical potential and the physiological regies of these recep- 
tors in vivo. 

In an assay examining chronic inflanunation, in which 
hyperalgesia was assessed by recording vocalisations elir 
cited by flexion and extension of the inflamed limb of niono- 
arthritic rats, indomethacin caused a partial reduction of the 
number of vocalisations, but an anti-algesic effect of des- 
Arg^[Leu^]bradykinin was not detected. However,, intrave^ 
nous injection of the Bi receptor agonist des-tArg^Jbrady- 
kinin markedly increased iht number of vocalisations 
elicited by manipulation of the inflamed joint but not of 
the non-inflamed contralateral limb, suggesting the local 
induction of Bi receptors. This observation is in agrpeinent 
with d^e findings of Davis and Perkins (1993) diat intra- 
articular injection of des-iArg'lbradykinin exacerbated 
adjuvant-induced arthritis as assessed by weight bearing 
in rats, the failure to detect antinociceptive activity of 
des-Ai8^[Leu']biiulykintn using the vocalisation assay 
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employed here contrasts ^th the ability of this peptide to 
inccease the load toleratedlby monoahhiitic.aninials in the 
studies of Davis and Perjpns (1993) and Perkins et al. 
(1993). This discrepat^cy may reflect differences in the sen- 
sitivity of vocalisatiori and weight bearing as nbciceptiye 
endpoints, coupled with the difficulties of establishing the 
antinociceptive dose range of des-Arg^[Leu^]bradykinin 
described above. 

In view of the known algogenic and pro-inflammatory 
effects of bradykinin that are believed to be mediated via 
Bj receptor activation, disruption of this receptor produced 
surprisingly subtle changes in nociception in Bk2r^ mice. 
As would be expected following deletion of this gene, 
Bk2r^ mice failed to exhibit any nociceptive behavioural 
response to intraplantar injection of bradykinin, confirming 
that the direct activation of nociceptors by bradykinin ago- 
nists involves the B2 rather than the B| receptor, at least in 
n n*inflamed tissues. Similarly, the nociceptive response 
elicited by the 13 1 receptor-preferring agonist des-[Arg'^- 
kalUdin in wild type mice was absent in Bk2r^ mice, indi- 
cating that the selectivity of this agonist is lost at high doses. 
The localisation of Bj receptors on sensory neurones is con- 
sistent with the ability of HOE 140 and other peptide B2 
receptor antagonists to inhibit nociception elicited by bra- 
dykinin in animals and man (Steranka et al., 1987; Whalley 
et a)., 1987; Heiqpy et al., 1993)^ In oAer studies it was found 
ttia^ bradykinin, but not the B| receptor iagoniists des-[Arg^- 
bradykiniii or des-(Aig*^kallidin, could activate primary 
afferents in a spinal nociceptive reflex preparation (Dray 
et al., 1992), even foUowinjg tissue damage and inflamma- 
tipn (Davis et al., 1996). Moreover, unlike the activation of 
sensory neurones elicited by bradykinin, there was no 
response to Bi receptor agonists in dorsal root ganglion 
ndurones taken from normal aninuds or rats pretreated 
with inflammatory mediators (Davis et al., 1996). These 
fin^in^^ suggest that the B| receptors that contribute to 
inflanunatory hyperalgesia inay not be located on sensory 
neurones, but may be expressed by other cells that release 
mediators that sensitise or. directly activate nociceptors. 
However, other evidence indicates that B| receptors nmy 
be also expressed in neuronal tissues. Thus, Bi receptor 
mediated responses were induced by cytokines in isolated 
superior cervical ganglia after inhibition of peptidase activ- 
ity with c^topril (Seabrook et al., 1995). although this was 
not observed in the absence of captopril (Babbedge et al., 
1995). More recent snidies also indicate the presence of B| 
receptor mRNA in superior cervical and dorsal root ganglia 
of normal and Bk2r^ mice. (Seabrook et al., unpublished 
observations). 

The Bk2r^ mice also failed to develop paw oedema or 
thermal hyperalgesia in response to intraplantar injection of 
carrageenan, indicating that the action of bradykinin at B2 
receptors is an essential initial step in the inflanunatory 
response to this polysaccharide. However, the abiliQr of 
des-Arg'[Leu^]bradykinin to inhibit carrageenan-induced 
hyperalgesia in nornial animals (see above) indicates that 
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both B| arid B2 receptors are involved in maintaining the 
ensuing inflammation and hyperalgesia. Therefore, it 
appears that blockade of both B| and B2 receptors may 
contribute to the inhibition of carrageenan-induced oedema 
and thermal hyperalgesia by peptide antagonists such as 
NPC 567 (Costello and Hargreaves, 1989). 

In contrast to their abnormal response to bradykinin ago- 
nists and to carrageenan, Bk2r^ mice exhibited unimpaired 
sensorimotor and neurological function, and were visibly 
indistinguishable from heterozygous or wild type control 
aninuds. Spinal nociceptive reflexes, assessed using a paw 
flick test, appeared normal in Bk2r^ mice, suggesting that 
bradykinin may not be involved in the activation of thermal 
nociceptors in the absence of inflammation or tissue 
damage. Moreover, activation of B2 receptors by bradykinin 
is not required for all acute and chronic nociceptive and 
inflammatory reactions, since nociception and inflanunatory 
hyperalgesia elicited by intraplantar injection of formalin or 
Freund*s adjuv^t were indistinguishable in Bk2r^ and wild 
type mice. This finding was unexpected in view of reports 
that peptide B2 receptor antagonists, such as HOE 140 and 
NPC 367, could attenuate nociceptive responses evoked by 
formalin (Conrea and C^alixto, 1993) and increase the load 
tolerated by the arthritic joints of experimental rats (Davis 
and Peridns, 1994a), although these effects were Qrpically 
modest and seen within only a narrow dose window. The 
^)parently normal response to formalin and Freund*s adju- 
vant iii Bk2r^ mice suggests that other pro-inflammatory 
mediator(s) can by-pass B2 receptor activation; if this is 
also true of human pathological conditions, then the clinical 
efficacy of B2 receptor antagonists as anti-inflanunatoty and 
analgesic drugs may be limited. Moreover, in several animal 
assays of persistent inflammation that may be argued to be 
of most relevance for clinical conditions, the effects of HOE 
140 were weak or absent compared with diose of des- 
Arg'[Leu*]bradykinin (Peridns and KeUy, 1993; Peridns et 
al., 1993; Davis and Perkins, 1994a Davis and Perkins, 
1994b). Interestingly, the antinociceptive effect of des- 
Arg^[Leu^]bradykinin against die late phase response to for- 
malin was still demonstrable in Bk2r^ mice in the present 
studies, indicating tiiat induction of Bi receptors is also not 
dependent on B2 receptor stimulation, and can occur rapidly 
at the site of inflammation (<36 min). This finding has 
recenUy been replicated in Bk2r^ mice of the C57 strain 
that exhibit a more pronounced nociceptive response to for- 
malin (unpublished observations). Thus, B| receptors ap- 
pear to contribute significantiy to nociception associated 
with both acute and chronic inflammatory insults. 

In sununary, tbt present snidies confirm and extend pre- 
vious findings diat die B| receptor antagonist des-Arg^[Le- 
u Jbradykinin exhibits antinociceptive activity in assays of 
acute and chronic infiammatoiy hyperalgesia. Metabolically 
stable, non-peptide antagonists that are devoid of partial 
agonist activity are required to further examine the possible 
clinical potential of blocking the Bi receptor. Phenotypic 
characterisation of Bk2r^ mice indicates that B2 receptor 
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sdmiilation is required for some, but not all, inflammatoiy 
responses and that the clinical potential of receptor an* 
tagonists to treat chronic pain and inflanunation may there- 
fore be limited 
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